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SUMMARY

A geries of test £lights was conducted by the U. S. Navy over & 3-
Year period to evaluate the effects of icing on the operation of the
ZPG-2 airship. In supercooled clouds, ice formed only on the forward
edges of small protuberances snd wires and presented no serious hazard
to operation. Ice aeccretions of the glaze type which occurred in condi-
tions described as freezing drizzle adversely affected various components
to a scmevwhat greater extent. The results indicated a need for protec-
tion of certain components such as antennas, propellers, and certain
parts of the control system.

The tests showed that lcing of the large surface of the envelope
occurred only in freezing rain or drizzle, Because of the infrequent
occurrence of these conditions, the potential maximum severity could not
be estimated from the test results. The increases in heaviness caused
by icing in freezing rain and drizzle were substantiasl, but well within
the operational capebilities of the airship.

In order to estimate the potential operational significance of ilcing
in freezing rain, theoretical calculations were used to estimate: (1)
the rate of lcing as a function of tempersture end rainfall intensity,
(2) the climatological probability of occurrence of various combinations
of these varisbles, and (3) the significance of the werming influence of
the ocean in alleviating freezing-rain conditions. The results of these
calculations suggest that, although very heavy icing rates are possible
in combinations of low temperature and high rainfall rate, the occurrence
of such conditions is very infrequent in coastal areas and virtually im-
possible 200 or 300 miles offshore,

JINTRODUCTION
The nonrigid airship ("blimp") hes been adapted to carry aircraft

detection equipment for use in the air defense system. The aircraft-
early-warning mission requires that picket alrcraft endure all types of
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weather eonditions while maintaining s continuous watch from a particular
area. In support of this mission a project was established by the Office
of Naval Research to evaluste the all-weather capabilities of the ZPG-2
airship (975,000 cu ft envelope)(fig. 1). The flight testing was assigned
to the Naval Air Development unit at the United States Naval Air Station
in South Weymouth, Magsachusetts., The NACA Lewis laborstory was requested
by the Office of Naval Research to assist the Navy by supplying instru-
mentation and technical assistance in analyzing and studying the lcing
problem as applied to airships.

Weather conditions considered hazardous to airborne operations are
those conducive to ice and snow accumulations on various parts of the
airship and those affecting the operational.capsbility of the airship,
such as winds and turbulence. The flight tests and study reported herein
were conducted only for the purpose of investigating the airworthiness of
the alrship in various types of icing conditions.

Previous airship operations in pstrol and convoy duty were not seri-
ously confronted with the ilcing problem because these missions were flown
at altitudes (50 to 500 ft) below the levels of most icing clouds.

Icing and snow problems of most concern for early airsghips were mostly
confined to difficulties encountered during outside mooring on the mast.,
The added weight of ice and snow accumulations on the top of the envelope
would buckle the landing gears and in eross winds would cause the airship
to roll to one side and damage outriggers and fins. The in-flight ice
and snow problem was investigated to & limited extent in 1945 when the
NACA assisted the Navy in a preliminary study of ice-protection require-
ments for the K-type airship (435,000 cu ft envelope). The results are

reported in reference 1 for a Zé-hour flight in conditions described as

being a mixture of wet snow and freezing rain and which produced no ad-

verse effects on the operation of the airship. The icing and snow prob-
lem hss become relevant to the present ZPG-2 airship with its inereased

altitude range in the aircraft-esrly-warning mission which places oper-

stions more frequently at levels of icing eclouds.

The flight tests reported herein were conducted over a period of
three dcing seasons along the coast of the northeastern United States.
A completely unprotected ZPG-2 alrship was flown in icing comditioms
during the first two winters. A second similer alrship incorporating
limited icing protection based on experience gained from the earlier
flights was used during the final season. Test obJjectives were to _
determine the camponents of the airship which collect ice and the result-
ing effects on. operation and performance. Flights were also planned to
evaluate the ice and snow problem over wiater. The first part of this
report describes several flights in a variety of ice and snow conditions
and the resulting effects on various components as reported by Naval Alxr
Development unit personnel.

9e9Y
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A preliminary study of the airship icing problem indicated that
accumulations of ice or snow on the large surface areas along the top
of the envelope and fins could produce the serious problem of weight
greater than the lifting ecapacity of the airship. This problem would
exist only in the more unusual conditions of freezing drizzle or rain
where the drop sizes are of sufficient size to strike the envelope sur-
face. Droplets in the smaller size range of supercooled clouds (<100
microns) would not impinge on the envelope in sufficient amounts to be
of concern. The low airspeed and graedusl curvabture of the large air-
ship envelope allow the small light-weight droplets to be easily de-
flected by the airstream eround the envelope. Atmospheric conditions
encountered during the £light tests did not provide sufficient informs-
tion to evaluate this primary problem of ice loads from freezing rein
adequately. It was considered advisable, therefore, to calculate rates
of ice formation on the airship envelope based on theoretically derived
droplet trajectories and heat-transfer relations combined with rainfall
rates and temperatures typical of freezing-rain conditions. The opera-
tional significance of this problem during offshore misgsions was also
considered desireble. The second part of this repart presents the re-
sults of these calculations, including an anslysis of the probability
of freezing rain for offshore areas.

DESCRIPTION COF TEST ATRSHTP AND INSTRUMENTATTON

The ZPG-2 airship used in the tests (fig. 1) has a fabric envelope
£illed with approximately 875,000 cubic feet of helium. The over-all
length is 342 feet and the maximum dlameter is 75 feet. Two 18-foot
propellers are mounted on outriggers projecting from each side of the
car. Power is transmitted through shafting from the engines mounted in-
side the car. The stabilizers and comtrol surfaces (ruddevators) ere
mounted at 45° angles and are supported by brace wires attached to the
envelope surface. Exposed conbrol cebles rum from the car to the rudde-
vators. The airship is normally operated in & heavy condition (i.e. 3
heavier than the air displaced by the envelope) and thus requires scme

dynamic 1ift for Fflight.

The test instrumentation comsisted of equipment to measure and ob-
serve ice accretions on various airship components and to evaluate the
effects of the ice ocn the operation of the airship, Rate~of-accretion
meters indicated the magnitude of ice formetions on the forwsrd edges
of small exposed components. These meters recorded the rate at which
ice formed on the leading edge of a thin rotating disk and were used in
flight to detect the presence of icing and the duration of the icing
conditions (see ref. 2 for a description of these meters). Ice deposited
per unit area on the top surfaces of the envelope in freezing rain or
drizzle wes measured at three locations (nose, center, and tail sectioms)
by use of a device developed specifically for this purpose by the Clevite
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Brush Company. This instrument utilized the change in resonant frequency
cgused by ice accumulating on a vibrating sensing element mounted flush
with the surface. The frequency change of pilezo-electric driving stacks
contained in the sensing elements was measured electronically. Only pre-
liminary development of this instrument was accomplished during the pro-
gram. The rotating-multicylinder technique was employed during part of
the program to measure droplet sizes and liquid-water content of the icing
clouds. Ice formations on areas not visible from the car were observed
wilth movie cameras mounted at several points throughout the airship and
with a television camers installed on the top to view the aft section.

Flight conditions were either recorded on film or cbserved by the
crew. Outside alr temperature, altitude, and airspeed were continuously
recorded. The flying qualities of the airship under test conditioms were
Judged mainly by the pilot. For most flights the handling characteris-
tiecs and Increased load caused by the ice accretions were estimsted by
relating angle of attack, airspeed, and power settings to those required
for normel ice-free operation.

DISCUSSION OF ICING FLIGHTS

Icing conditions of sufficient intensity and duration to provide
pertinent results were encountered on nine aslrship flights slong the
coast of the northeastern United States during three lecing seasons.
Teble I summerizes the data from these flights using the records from
the disk-type lcing-rate meters to evaluate the icing conditions. Rime
ice was encountered on six flights and freezing rain or drizzle was
present during three icing encounters. The rime ice, resulting from
small supercooled cloud droplets, formed only on exposed obJjects and
protuberances and not on the large envelope surface. The freezing-
drizzle conditioms, where the droplet sizes were much larger, produced
g £ilm of ice on the top envelope surfaces as well as glaze-ice forma-
tions on exposed components. Compared with the rime-ice encounters, the
freezing drizzle produced scmewhat more deleterious effects on the oper-
ation of the airship. The many factors, including droplet size, which
influence the ice collection charecteristics of various sized objects
are discussed in a later sectiom.

Flights in Freezing Rein and Drizzle

The largest total amount of lce measured during the progrem was
accumlated on £light number 3. Glaze-ice formations were produced
froam a condition described as freezing drizzle. Although droplet sizes
were not measured, the flight reports and ground observations indicated
the airship was flown in clouds in an area of light precipitation.

9¢9%
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The increasing ice accumilation with time as measured by the icing-
rate meters is shown in figure 2 for & chronology of events reported
during the flight. Icing was encountered during .climb shortly after
takeoff from South Weymouth. The greatest icing rate appeared to be at
the 3000-foot level where the temperature was -1.5° C and the visibility
very limited. After 25 minutes of continuously increasing ice accumula-
tion at this altitude, a slight vibration of the car was noted. About
5 minutes later this vibration became excessive and caused the instru-~
ment panel to shimmy up to the limits of its shock mounts. The fre-
quency of the car vibration was estimated as sbout 5 cycles per second.
During this period ice thrown from the propellers was heard striking
the sides of the car which suggested that propeller unbalance may have
been present. These pleces of ice also caused a rip in the fabric fair-
ing between the car and envelope. The vibration diminished during the
following 10 to 15 minutes, then increased sgalin and became very pro-
nounced sbout 5 minutes later. A descent was made shortly thereafter
out of the icing level into above freezing temperstures. The airship
had been exposed to continuous icing for sbout 70 minutes. The clear
ice formed under these conditlons is illustrated in figure 3, which
shows ice formations on the yawmeter mounted below the pilot's window.

During the descent sheets of lce began sliding off the envelope
from the bow ares and falling back into the propellers and windshield.
Ice was also noted falling from other areas along the sides of the en-
velope during the epproach to the runwey. The surface-ice accretion
meters were inoperative during this flight, and therefore the envelope
ice load was not measured. A total ice load of about 4000 pounds was
estimated by considering airspeed, deck angle, snd power settings. This
included the accumulsated ice on fin brace wires and protuberances as
well as on the envelope surface.

Near the end of the lcing period the fin brace wires were observed
ogcillating at an estimated 6-inch amplitude. Ice accretioms up to

132-' inches in dismeter had formed on the S/ls-inch-dia.meter wires. Some
flapping motlon of the fins was also detected. The control cables had
elso collected some ice, but their operation was not impaired. An in-
spection upon lsnding revealed some 30 punctures in the fabric surfaces
of the two lower fins. These 1- to 6-inch punctures were attributed to
pieces of ice thrown from the oscillating brace wires or to chunks of

ice fslling from the leading edge of the upper fins or both.

Other operational problems resulting from the icing included the
freezing shut of an air damper controlling sir to the center ballonet
and ice on the windshield which completely obscured forward visibility.
Operation of the damper by either electrical or manual controls was not
possible. The windshield defogging system was ineffective in preventing
or removing the ice coating.



6 NACA TN 4220

The car vibration was attributed to propeller unbalance caused by
uneven throwoff of ice from the individual blades. A propeller unbslance
could produce a greater airframe vibration on the ZPG-2 airship than on
a conventional aircraft because of the propeller mounting configuration.
Since the propellers are rigidly mounted to the outrigger frames without
shock mounts, vibrations from unbalance can be easgily transmitted through-
out the girframe. Also, the cantilever design of the low-mass outrigger
structures allows for marked increases in the amplitude of forced vibra-
tione under conditions of resonant frequencies.

Another flight in freezing-rain conditions (flight number 4, table
I) produced only small ice accretions at temperatures slightly below
freezing. Intermittent periods of icing existed at the freezing level
for about 30 minutes. Wires and protuberances collected a slight amount
of ice. After the airship left the precipitation area, water ran off
the envelope, which indicated scme ice had formed on the top surfaces.
The ice load was not estimated.

A vertical sounding was made during this flight to determine the
depth of the freezing-rain level. Rain at ebove freezing temperatures
was falling at the ground at the time of takeoff. ILow ceilings (150 ft)
and visibilities (1/2 mile) were prevalent in the area of the flight.
During climb the temperature decreased to freezing at 1700 feet, but at
3000 feet the temperasture was again sbove freezing. Hence, the layer
of freezing rain waes less than 1500 feet deep. The inversion continued
to be observed up to the altitude limit of the airship of 5000 feet where
light rain was falling.

The only other icing encounter in which freezing drizzle was present
occurred during flight number 5 (table I). Since the flight was in clouds,
supercooled cloud droplets may have contributed to the ice formations.
Effects on the airship were similar to those described for flight number
3, although total ice accumulations were not as great. In 6 hours of
flight icing occurred during three separate periods, each approximately
40 minutes in duration. The encounters were separated by a sufficient
time lapse (1 to 2 hr) at above freezing temperatures to allow most of
the ice formed during the previous encounter to melt. The ice buildup
recorded by the lcing-rate meters for each icing period is shown in

figure 4.

The first period of icing (flight 5, encounter (a), fig. 4) occurred
at 2400 feet (at -1° C) during climb over South Weymouth in conditions
described as freezing drizzle. As the meximum bulldup of ice was reached
(1/4 in. recorded by an icing-rate meter), slight car vibration was felt

which was attributed to propeller icing. Ice also formed on the sntennas

(causing vibrations), on the windshield, on the redome, and on other com-
ponents. After about 3/4 hour the shallow freezing layer in the inver-
gion decreased in thickness to the points where melting began.

© 9g9%
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During the next lg hours the airship proceeded to the Cape Cod area

where icing again was encountered. All ice asccretions from the previous
encounter had melted. Vibration agein was felt when sbout 1/4 inch of
ice had accumulated. Excessive antenns vhipping was also present. When
maximum accretion was reached (about 1/2 in. in 30 min), there was ex-
cessive vibration of the car for about 5 minutes. This was accampanied
by propeller ice throwoff. A climb at this point to 3200 feet produced
melting at 1° C, which indicated that an inversion was also present in
this icing area. As the melting continued, ice in thin sheets fell from
the sides of the envelope and struck the propeller ; the outriggers, and
the windshield.

The third icing condition was entered upon return to the South
Weymouth area at 3000 feet. This condition was similar to the first
encounter of the flight in that only 1/4 inch of ice asccumulated over
a 40-minute period. Antenns whipping again sppeared excessgive. Air-
speed was reduced to help prevent the wires from snepping. Inspection
of the airship after landing disclosed ice accretioms 1/2 to 3/4 inch
thick on the fin brace wires and control cables, but no ice had remained
on the envelope surface.

During a takeoff on the day following this flight » & control problem
arose which wes considered related to the icing encountered on the pre-
vious day. In an attempt to climb the airship veered sharply to the
right. Flight was maintained, however, end & landing was effected with
the controls still fouled. Imspection showed that movement of the lower
left ruddevator was prevented by the control csble, which had jumped a
pulley and lodged between the pulley and its guard. The failure was
assumed to have developed during the rollout phase of the landing from
the previous flight. A buildup of ice on the affected cable and pulley
would cause no trouble for normal flight, because the control movements
are usually small. However, the large ceble travel required on landing
could cause the enlarged cable to ride up and out of the iced-over pulley
groove. A similar control-system difficulty was encountered during flight
number 6 also. When the automatic pilot was disengaged prior to letdown,
movement of the controls was dangerously restricted. They could be moved
manuglly only in small iIncrements. Camplete control wes regained after
descent into above freezing temperatures.

Flights in Rime Ice

The rime icing conditions were found in typical supercooled clouds
with temperatures ranging from -2° to -10° C and liquid-water contents
fram 0.1 to 0.5 gram per cubic meter. The ice formations were different
fram those produced in freezing drizzle in that the rime accretions were
confined to the forward edges of small objects only and, unlike glaze-
ice formations, had less tendency to spread. A camparison of the two
types of ice formation is shown in the flight photographs of figure 3.
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The initial flight in rime lcing conditions (flight number 1, table
I) revealed the antenna whipping problem. Of particular concern at the
time was the possiblility of an antenna bresking. Had the starboard an-
tenna broken near the forward mount, the wire could have tangled with
the ripcord end whipped back into the propeller, pulling the ripcord with
it. (The ripcord is an emergency device which when pulled tears an
opening in the top of the envelope to allow repid escape of the helium.
The purpose is to destroy serostatic 1lift repidly in emergency situations
developing at or near the ground.)

The second airship, which was flown during the finsl season of the
project, encountered only rime icing eonditions in cperations intended
to evaluate the ability of the airship to conduct various missions. Test
objectives were (1) to evaluate extended flights over water (24 hr or
more) simulsting patrol missions in conditions favorsble for icing, (2)
to demonstrate “barrier" station operations for an extended period (10
days), and (3) to conduct a distance-endurance flight following a cir-
cultous route sround the northern Atlantic Ocean (8200 miles in 11 days).
In the icing conditions encountered during these missions no adverse
effects on airshilp operations were noted, and no potentially hazardous
situations developed.

This eirship was provided with limited icing protection based on the

flight experiences with the original test airship. Modifications con-
gildered most desirasble and ingtalled on the airship included:

(1) A shielded control cable system (at ruddevator horn pulleys
only)

(2) Flush-mounted sntennas

(3) Electrically heated propellers (external rubber boots)
(4) Electrically heated center-ballonet air-inlet dempers
(5) Increased hot air to the windshield

(6) Added strength (protective coating) to the fabric covering top
surfaces of lower fins .

(7) A protective blanket inside the envelope in the plane of the
propellers

Flight number 8 (table I), which was conducted in support of the 10-
day barrier operation, encountered prolonged pericds of rime lcing while
holding in the area. The airship was in clouds and snow during most of
the 40-hour flight. Synoptic data indicated a situetion of mixed clouds
(supercooled water changing to ice crystals and snow) formed by very

9e97
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cold air over a warm sea surface. Icing occurred in four separate per-
lods with an estimated cumulative time in icing of about 5 hours. Ice
accretions (about li-‘ in.) were the largest recorded for rime icing en-
counters. The pilot noted that the ice on small protuberances would
build up to a certain thickness and break off. Thus, it would seem that
this condition spproached the maximum effect of prolonged periods of
rime icing. The total ice load was estimated not to have exceeded 2000
pounds. Some snow in the tail sectiom contributed to the increased
heaviness.

In general, the over-all operation of the airshlp was not seriously
impaired by the rime icing conditions that were encountered. The limited
icing protection installed on the second airship appeared adequate for
those components which were adversely affected by the rime accretions.

Flights in Snow

Several flights were conducted in moderste to heavy snow with little
or no in-flight effects on the airship. Snow loads asccumulated while an
airship is on the mast have long been recognized as a serious problem.

In flight, however, most of the snow catch blows off at the higher air-
speeds, except possibly very wet snow. The results of a 2-hour flight
in light to moderate snow at -2° to -6° C are shown in figure 5(a). A
emall catch estimated to be sbout 1000 pounds ecan be seen distributed
along the top of the envelope and in the catenary seam along the side.
On other flights snow was oObserved only on the top, between and aft of
the fin area, as shown in figure 5(b).

During the test flights snow loads created operational problems on
two occasions. While the airship was on the mast prior to takeoff for
£light number 38, a heavy snow load collected on the top. Although some
snow blew off during takecff, the airship remained very tail-heavy and
required all ballonet air forward plus the elevator down to effect a 13°
angle of attack at 2000 feet. The airship was operating at meximm gross
weight and low power settings to minimize fuel consumption because of the
endurence requirements of the misslon. About 20 minutes of icing was en-
countered soon after takeoff, which produced e small accumulation (0.1
in.). The cambined effect of all these conditions created a stall situ-
ation which required descent to a lower altitude. This provided in-
creaged ballonet air capacity, which was used to reduce the high angle
of attack. With less down elevator also reducing the drag, level £light
could be maintained without an increase in power.

Heavy snow produced another problem during a speclal maneuver con-
ducted while on a barrier station. An aettempt to pick up sea-water bal-
lest was sbandoned when sltitude could not be maintained at the very low



10 NACA TN 4220

ground speeds required for this operation. The crew concluded that with
light surface winds (7 to 9 knots) the low airspeed allowed snow to accu-
mulate, whereas at higher ailrspeeds the snow would blow off. Another
consideration was that warmer temperatures near the sea surface produced

wet snow which adhered to the top surfaces better.

THEORETICAL ANATYSIS OF ATRSHIP ICING IN FREEZING RAIN

9€97

The flight-test results confirmed the predietion from theory that
heavy ice loads on the envelope occur only in freezing rain or drizzle.
Because of the low frequency of occurrence of freezing rein, insufficient
experience was cobtalned to provide a relisble bagis for estimsting mex-
imm icing rates. It appeared desirable, therefore, to resort to calcu-
lations to determine the relation between icing rate and meteorological
conditions, in order that climstologicsl data might be used to evaluste
the operational significance of icing in freezing rain.

Calculation of Rate of Icing in Freezing Rain

The rate of ice formation per unit area at a given location on the
alirship envelope depends on the rate of water impingement, the airspeed,
and the wet-bulb temperature of the alr. The tempersture dependence re-
sults from the fact that, as ice is formed, the latent hest must be re-
moved by convective transfer to the environment. For any combination of
airspeed, temperature, and locetion on the airship there exists a crit- v
ical freezing rate at which the release of latent heat is Jjust suffi-
cient to raise the surface temperature to 32° F. If the water impinge-
ment rate is less than the critical freezing rate, all the water freezes,
and the icing rate equsls the lmpingement rate. If the impingement rate
is greater, most of the excess water runs off in the liquid state.

In order to detexmine the total rate of ice formetion on the enve-
lope for a given combinetion of alrspeed, rainfaell rate, and wet-bulb
temperature, it is necessary to calculate the distribution of water im-
pingement rate and critical freezing rate over the envelope surface.
The distribution of impingement has been determined as a function of
rainfall rate and airspeed by assuming that the impingement 1s the sum
of two terms: (1) the gravitetional impingement that would occur if
the airship were at rest in still air and (2) the dynamic impingement
that would result from forwerd speed alone, neglecting gravity. The
distribution of the criticel freezlng rate was calculated from heat-
and mass-transfer equations based on references 3 and 4. Both sets of
calculations are described in appendix B (symbols are defined in appen-
dix A). A comparison of critical freezing rete end impingement rate,
expressed in pounds per hour per foot along the axis, for a particular
set of conditions is shown in figure 6(a). At locations where the
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critical freezing rate is greater than the impingement rate, all the im-
pinging water freezes, and the icing rate equals the impingement rate.
Where the impingement rate exceeds the critical freezing rate, the icing
rate is greater than the critical freezing rate by the amount of ice
formation required to release sufficient latent heat to raise the temper-
ature of the excess water to 32° F.

For example, in figure 6(a) at a location of 60 feet from the nose
the impingement rate (33 (1b/hr)/ft) is less than the critical freezing
rate (44 (1b/hr)/ft), and the icing rate is equal to the impingement rate
(33 (1b/br)/£%). At a location 20 feet from the nose, on the other hand,
the impingement rate (117 (1b/hr)/ft) is greater then the critical freez-
ing rate (67 (1b/hr)/ft). The excess water (50 (1b/hr)/ft) undergoes a
temperature rise from 27° to 32° F, which sbsorbs heat at a rate of 50x5
or 250 (Btu/hr)/ft, and thus freezes additional ice in the amount of
250/144 or 1.7 Ib/hr)/ft. The local icing rate is therefore 67 + 1.7
or 68.7 (Ib/hr)/£%.

The total icing rate for the entire envelope is found by integrating
the local icing rate over the total length. In the coordinates of figure
6(a), this integration is accomplished by determining the ares under both
the impingement-rate snd critical-freezing-xvate curves, using whichever
curve is lower at any location. To this area is added (32 - tkw)/144

times the area lying below the impingement curve and above the critical-
freezing-rate curve.

Figure 6(b) shows how the relation between impingement and critical
freezing rate changes as the rainfall rabte increases at constant temper-
ature and airspeed. At rainfall rates up to 0.04 inch per hour, for the
conditions shown in figure 6(b)(28° F, 30 knots), the area of excess im-
pingement and runoff comprises only a smell portion of the envelope at
the nose. Thus, the icing rate increases almost linearly with the rain-
fall rate. At a rainfall rate of sbout 0.047 inch per hour runoff sets
in along the rear half of the envelope ebout 250 feet from the nose, and
at a rainfall of 0.05 inch per hour most of the rear half is ruaning wet.
Beyond this point the icing rate increases more slowly with increasing
rainfall. Finally, beyond 0.075 inch per hour the entire envelope is
subject to runoff, and further increases in rainfall cause only a smell
increage in icing. Curves such as those shown in figure 6 provide a
meens of estimating the total icing rate sas a function of rainfall rate
for a given airspeed and temperature, as shown in figure 7.
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Effect of Climatic Factors on Probable Frequency
and Severity of Icing in Freezing Rain

The calculated rates of icing presented in figure 7 show that very
heavy ice loads can be collected in periods of an hour or less in certain
cambinations of temperature and rain intensity. The operational signif-
icance of these regults depends on the frequency of freezing rain and
The relative frequency of various combinations of temperesture and rain-
fall rate in freezing rain. These are climatic factors, varying with
geographical locabtion and season. '

The occurrence of freezing rain requires the presence of a low-
altitude layer of air at temperstures below freezing surmounted by a
layer of warmer ailr in which the tempersture is sbove the melting point.
When a shallow layer of cold air flows over relatively warm water, the
surface-ailr temperature rapidly approaches that of the water. Heat-
trensfer calculations described in appendix C show that the exigtence of
conditions required for freezing rain at low altitudes over the sea is
virtually impossible in air that has had & trajectory of approximately
300 miles or more over water at a temperature of 45° F or higher. In
the light of this result, an exemination of the January sea-surface tem-
perature distribution (fig. 8) shows that the only potential icing areas
that need be comsidered with reference to the aircraft-early-warning
migsion are the coastal areas of the northeastern United States and the
adjacent ocean aress.

Frequency of occurrence of freezing rain in northeastern United
States. - The estimated average frequency of occurrence of freezing rain
in winter in the northeasterm United States is shown in figure 9. The
data shown are 3-month (December'through February) average percentages
based on two dally observations at 12 stations with an average record
length of 9 years. These values were obtained from an unpublished list-
ing of freezing-level and surface-temperature data for freezing precipi-
tation furnished by the National Weather Records Center. The general
pattern of freezing-rain frequency shows a gradusl incresse from south
to north and a repid decrease along the coast. This strong coastal ef-
fect is the result of the warming influence of the ocean in cases in
which an onshore component exists in the cold-alr flow.

Probable maximum alrship icing rateg in freezing rain over land area
in northeastexrn United States. - Since the icing rate is a known functilon
of airspeed, rainfall rete, and free-air temperature, the frequency dis-
tribution of icing rates for & given airspeed can be calculated from the
frequency distributions of temperature and rainfall rate. The frequency
digstribution of surface-air temperatures reported during freezing rain
is shown in figure 10 (data from the same source as fig. 9). Surface-
air temperatures are probebly representative of flight temperatures for

9e9¥
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aircraft-early-warning airship operation over land at low altitudes dur-
ing return to or departure fram the base. An estimated frequency dis-
tribution of rainfell rate gpplicable to freezing rein is shown in fig-
ure 11. The method of selecting data and the theory umderlying their
use to represent freezing rain are given in appendix D.

Combining the temperature distribution of figure 10, the rainfall
distributlion of figure 11, and the relation between icing rate and tem-
Perature and rainfall rate shown in figure 7 yields the frequency distri-
butions of icing rate shown in figure 12 for airspeeds of 30 and 50 knots.
Thus, if an airship is flying at 30 knots in freezming rain, the chances
are 1 in 10 that the lcing rate exceeds 6300 pounds per hour and 1 in
100 that it exceeds 14,000 pounds per hour. The temperature and rainfall
distributions would not be expected to vary widely in the limited geo-
graphical area of the northeastern United States because the occurrence
of freezing rain fixes the air-mass temperatures within rather narrow
limits. Thus, figure 12, which gives the probability of various icing
rates when freezing rain is known to be occurring, may be regarded as
applicable generally to land areas near the east coast of the United
States in winter. The geographical effects within this area are included
in the frequency of occurrence of freezing rain (fig. 9).

Estimated conditions off northeastern coast of United States. - As
implied in figure 9, the probebllity of encountering freezing rain is
much less over the ocean off the coaest of the northeastern United States
than it is over adjacent land areass. Since direct observsbtions of
freezing-rain frequencies at ses are not svailable, it is desirable to
estimate the effect of flow over the relatively warm sea surface in
modifying the air-msss temperature structure in freezing-rain situstions.

An analysis of heat transfer occurring when g layer of cold air
topped by an inversion flows over a warm water surface is presented in
eppendix C. The distance of travel over the ocean (surface temperature,
8° C) required to raise the surface-air temperature to 2° C was calcu-
lated as a function of the initiel surface-air tempersture and the height
of the first freezing level. A surface-ailr temperature of 2° C was
chosen as representing a condition under which an sirship could safely
descend to below the freezing level (about 700 £t) and shed accumulated
ice. The relative frequency of various cambinstions of surface-air tem-
perature and height of the first freezing level measured during freezing
rain were cambined with the calculated values of distance to 2° C to ob-
tein the frequency distribution shown in figure 13. This curve shows
the percentage of cases of freezing rain (observed on land) that would
be warmed sufficiently to have a surface-air temperature of 2° C or
higher as a function of distance transported over water at 6° C. Thus,
one-half of the freezing-rein cases at the coast would be effectively
eliminated et 64 nauticel miles offshore, 90 percent at 145 miles, and
99 percent at 260 miles.
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In interpreting these results, it should be noted that synoptic ex-
perience has shown that most cases of freezing rein on land are not trans-
ported directly out to sea. Thus, figure 13 overestimestes the hazard,
since it is based on the assumption that all freezing-rain situations
move out to sea.

CONCLUDING REMARKS

In test f£flights conducted by the Navy to evaluste the effects of ice
accretions on the ZPG-2 airship a number of typical icing conditions were
encountered. While the alrship was exposed to these conditions, ice
formed on veriocus compoments but presented no serious hazard to the oper-
ation of the airship, although same potentially unsafe situations devel-
oped. The more common rime ice formed only 6n the forward edges of
emall protuberances and wires without causing appreciable concern. Ice
accretions of the glaze type which occurred in what was described as
freezing drizzle adversely affected various components to a scmewhat
greater extent. Protective designs for some of the affected components
appeared desirable to assure safe operations.

A study of the ice accretion problem for airships indicated that
in addition to component icing & problem could develop from an excessive
ice load on the large surface area along the top of the envelope which
would occur only in comditions of freezing rein. This potentially haz-
ardous situation was not adequately investigated in the flight tests be-
cause of the infrequent occurrence of these conditions. However, the
tests verified that ice can form on the top of the envelope when the
drop sizes approach those characteristic of freezing rain. During these
£lights the ice formations did not produce s sufficient increase in air-
ghip heaviness to become an operational problem.

The calculations presented in this report show that very heavy ice
loads can be collected under more extreme conditions of rain intensity
and temperature than those encountered during the flight program. The
operationael significance of these hazardous conditions depends on the
frequency of their occurrence. In a search for all types of inclement
weather the flight test program demonstrated the low probability of these
situations occurring over land areas along the northeastern coast of the
United States. The probability is further evalusted in this report using
several years of meteorological data from land aresas.

The calculated icing probablility curves and the calculated effect
of warming over the sea are somewhat speculative. Actual numerical val-
ues are therefore uncertain, but the following qualitative conclusions
of operational significance may be stated with considereble confidence:

9¢9%
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(1) It is possible to encounter very heavy retes of icing under
conditions of high reinfall rate and low temperature.

(2) Statistics on rainfall rate and temperature in freezing rain
indicate that cambinations giving rise to hazardous icing rates may be
expected in from 1 to 5 percent of freezing-rain occurrences over land
areas in the northeastern United States. Since freezing rain occurs in
this area in only sbout three to five storms per year, the probability
of severe lcing is very small.

(3) Because of the warming effect of the sea surface, the probability
of encountering hazardous icing in freezing rain decreases rapidly with
distance offshore, becoming negligible at 200 to 300 miles.

(4) The effect of freezing rain in aircraft-early-werning operations
is likely to be confined to arrivals and departures, when the airship is
over land or a short distance offshore. Hazardous icing during these
phases of operaticn can probably be avoided with the aid of weather fore-
casts, since the synoptic conditions required for freezing rain can be
forecast satisfactorily for short periods.

Iewis Flight Propulsicn Laboratory
National Advisory Comittee for Aeronautics
Cleveland, Ohio, December 17, 1957
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APPENDIX A

SYMBOLS
frontel area of airshlp, sq ft
horlzontal proJjected aerea of alrship, sq £t

specific heat of air at constant pressure, Btu/(lb mass)(°F),
kcal/(kg) (°C) in appendix C

diameter of envelope at distance 2z from nose, ft
collection efficiency, dimenslonless

critical freezing rate per unit distance along axis, 1b mass/
(br) (£t)

critical freezing rate per unit area, 1b mass/(hr)(sq ft)

heat-transfer coefficient, Btu/(hr)(eq £t)(°F), kcal/(hectare)
(br) (°C) in eppendix C

convection heat-transfer coefficient, kcal/(hectare) (hr)(°C)
(appendix c)

radiation heat-transfer coefficlent, kcal/(hectare)(hr)(°C)
(appendix C)

specific enthalpy of ice at 32° F, Btu/lb mass

specific enthslpy of liquid water at kinetic wet-bulb tempera-
ture, Btu/lb mass

specific enthalpy of liquid water at wet-bulb temperature,
Btu/lb mass

specific enthalpy of water vapor at kinetlic wet-bulb temperature,
Btu/lb mass

specific enthelpy of water vapor_at_azo F, Btu/Ib mass
mechenicel equivalent of heat, ft-1b/Btu
thermsl conductivity of air, Btu/(hr)(ft)(°F)

totel rain impingement rate, 1b mass/hr

9e9¥
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qas,fr

9ss,c
88,€

88,T

Re

St

st

cond
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dynsmic impingement, lb mass/hr

gravitational impingement, 1b mass/hr

dynamic impingement per unit length, 1b mass/(hr) (ft)
gravitational impingement per unit length, 1b mass/(hr)(ft)
Nusselt number, dimensionless

atmospheric pressure, nmb

Prandtl number, dimensionless

saturated vapor pressure over liquid water at tkw’ b
free-stream vapor pressure, uwb

saturation vapor pressure at 32° F, mb

heat of vaporization of water, kcal/kg (appendix C)

increage in enthalpy of cold-air layer, kcal/(hectare) (br)
heat loss from airship surface by convection, Btu/(hr)(sq £t)
heat loss from airship surface by evaporation, Btu/(hr)(sq ft)
heat liberated at airship surface by freezing, Btu/(hr)(sq ft)
heat loss from sea surface by convection, kcal/(hectare) (hr)
heat loss from sea surface by evaporation, keal/(hectare) (hr)
heat loss from sea surface by radistion, kcal/(hectare) (hr)
rainfall rate, in./hr

Reynolds number based on surface distance s, dimensionless
temperature recovery factor, dimensionless

Stanton number for convection, dimensionless

Stanton number for radistion, dimensionless

distance along airship surface from nose, ft

temperature at condensation level, °c



temperature
temperature
surface-air
surface-alr
surface-gir
sea-surface
sea-surface

temperature

NACA TN 4220

at condensation level, °k

on dry edisbetic line through T,, °C
temperature, °c

temperature et coast line, °c

(o]

temperature after trajectory of length y, "C

tempersture, °c
temperature, °x

in cloud sbove condensation level, °C

kinetic iced-bulb temperature, Op

kinetic wet-bulb temperature, OF

free-stream temperature, Op

local alrspeed outside boundsry layer, ft/sec

free-stream velocity, ft/sec

airspeed or

wind speed, knots

raindrop felling speed, knots

liguid-water content in rain, 1b mass/(sq ft)(nautical mile)

liquid-water mixing ratio, g water/g air

total water

water-vapor

mixing ratio, g water/g air

mixing ratio, g water/g air

saturation water-vapor mixing ratio over sea water at Tg

distance over ocean, nautical miles

helght sbove sea surface, hectometers

height of condensation level, hectometers

height of freezing level in inversion, hectometers

9297
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height of inversion base, hectometers

pressure gltitude, £t

distance from nose, measured slong axis, ft

axial distance to limit of dynamic impingement, ft

ratio of dynamic to gravitational impingement, dimensionless
depression of kinetic wet-bulb temperature below freezing, Op
wetted-ares factor, dimensionless

viscosity of air, 1b mass/(ft)(sec)

density of air, 1b mass/cu ft, kg/(hectometer)3 in appendix C
density of air at sea level, kg/(hectome'l:er):5

average alr density from sea level to height of ilnversion base,
kg/ (hectometer)d

Stefan-Boltzmann constant, kcal/(hr)(hectare)(oK)4
time, hr

thermodynamic heat-transfer function defined in eq. (Bll),
1b mass/(hr)0-2(£t)1-8(nautical mile)O.8
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APPENDIX B

CALCULATION OF AIRSHIP ICING RATE IN FREEZING RAIN

The calculations presented herein apply to the "theoretical envelope"
only and do not include icing of the car, fins, brace cables, and so

forth.

Impingement of Rein on Airship Envelope

In estimating the rate and dlstribution of rain impingement on an
alrship it is necessary to consider two processes, gravitational settling
and dynamic interception. These two processes are not independent, he-
cause grevitatlional settling 1s modified by the local alrflow gbout the
alrship, and the dynamic impingement is influenced by the effect of gravity
on the reindrop trajectories. Because of the difficulties involved in an
analytical trestment of combined gravitational end inertisl impingement,
and since trajectory calculations neglecting gravity were at hand, the
two effects were evaluated independently, with the assumption that the
total impingement is equal to two terms: (1) the gravitational impinge-
ment M, that would occur if the asirship were at rest in still air, and
(2) the dynamic impingement My that would occur if the airship were
moving through a fleld of raindrops suspénded in alr in the sbsence of
gravity.

The gravitational impingement is a function of the rainfall rate and
the projected area. Since 1 inch of rain equals 5.2 pounds per square
foot, the total gravitational impingement is glven by

Mg = 5.2 RAp o (B1)

The gravitational impingement per foot of length measured along the axis
of the envelope is

my = 5.2 RD, (B2)
The distribution of gravitational impingement along the length of the
airship is represented by mg/R (Ib/(ft)(inf rain)), as shown in figure 14.

The dynamic impingement depends primarily on drop size, liquid-water

content, airspeed, and shape and size of the airship. The equation for
dynamic impingement is

My = WAE (B3)

9e9%
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where the collection efficiency E is the fraction of drops in the path
of the body thet strike the surface. Calculsted values of E are avail-
able for spheres and prolate ellipsoids of revolution of fineness ratios
5 and 10 (refs. 5 to 7). Since the portion of the ZPG airship envelope
forward of the maximum-thickness point is very nearly an ellipsoid of
fineness ratio 3.25, values of collection efficiency were obtained by
interpolation. The results are shown in figure 15 in terms of drop size
and airspeed. The values shown were determined for a 3000-foot altitude
and -2° C and are gpplicable approximgtely from sea level to 5000 feet
and from 0° to -10° C.

The liquid-water content mey be eliminated from equation (B3) by
introducing the rainfall rate and falling speed:

w= 5.2 R/v
My = 5.2 RA. L & (B4)

The ratio of the dynamic to the gravitational term is

Ma_  _ A&y

a=—=F (B5)
Mé Ay v
and the total impingement is
M=Md+Mg=5.2RAh(l+a.) (B6)
For the ZPG airship,
M = 1.02x10° R(1 + «) (B6a)

The falling speed of raindrops at 3000 feet is given as a function of
drop diameter in figure 16 (based on refs. 8 and 9). Values of a for
the ZPG airship, calculated from the data of figures 15 and 16, are pre-
sented in figure 17 as a function of drop diameter and airspeed.

The distribution of dynamic impingement as a function of the distance
z ueasured along the axis from the nose was determined from the dats of
references 5 to 7. It was found that the local dynemic impingement rate
in pounds per hour per axial foot is a linear function of z as given by

et (- E) &

where Z, 1s the axial distance from the nose to the limit of dynamic
impingement. Values of zZp Obtained by interpolation from references 5
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to 7 are shown in figure 18 as & function of drop diameter and airspeed.
If the local dynamic impingement rate at the nose is divided by the rain-
fall rate, the result is

oM . _
—3 = 2.04x10° & (88)

ZR Zp

which represents the impingement on the nose in pounds per axiel foot per
inch of rain. This quantity is & function of airspeed and drop diameter
and is shown in figure 19.

Figures 15, 17, 18, and 19 define impingement as a function of drop
gilze and sirspeed. For a given rainfall rate, the collection efficlency
increases and the liquld-water content decreases with increassing drop
size. As a result, the variation with drop size of total impingement is
relatively small for drops greater than 0.6 millimeter in diameter. As
shown in figure 17, the quantity (L + a) changes by only 9 percent at 30
knots and 11.5 percent at 50 knots for a change in drop diameter from 0.6
to 1.8 millimeters. ©For this reason, no serious errors are introduced by
using a statistical average relation between rainfall rate and drop diam~
eter to express the impingewment in terms of rainfall rate and alrspeed.
This relation, shown in figure 20, was derived from an empirical equation
relating rainfgll rate and liquid-water content from reference 10.

The elimination of drop size as an independent variable gives the
following impingement results for the ZPG airship:

(1) Totel impingement (lb/hr) as a function of airspeed and rainfall
rate (fig. 21) (The gravitational impingement alone is shown by
the curve for zero airspeed.)

(2) The locel dynamic impingement rate at the nose (1b/(hr)(axial
ft)) as a function of airspeed and rainfall rate (fig. 22)

{3) The limit of the dynemic impingement zone (ft from nose aslong
axis) as & function of alrspeed and rainfall rate (fig. 23)

The distribution of total impingement along the axis wmay be found
by adding the local gravitationasl impingement, from figure 14, to the
local dynemic impingement, obtained from equation (B7) using =z, from
figure 23 and ZMd/zm from figure 22.

A convenient rule for estimating the total impingement rate which
gives results within 5 percent of the values shown in figure 21 is as
follows: The total impingement in thousands of pounds per hour is equal
to the rainfall rate in hundredths of an inch per hour increased by 1
percent for each knot of ailrspeed in excess of 10 knots.

KoY
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Effect of Heat Transfer on Icing Rates

In conditions of light freezing rein at temperatures considersbly
below freezing, all the water impinging on the airship freezes. Thus,
the rate and distributlon of icing are the same as the rate and distribu-
tion of impingement. As the water freezes, the liberated heat of fusion
causes the surface temperature to rise sbove the alr tempersture umtil
the rate of heat loss from the surface by convection and eveporation
balances the rate of liberation of latent heat. At higher rates of water
impingement the surface temperature may reach 32° F. Additional increases
in impingement cannot increase the surface temperasture above 32° F and
therefore do not increase the evaporation and convection heat losses.

The increase in ice formation due to an increase in impingement under
these conditions is only enough to provide sufficient latent heat to
raise the tempersture of the additional impinging water to 32° F. The
remainder of the additional water runs off in the liquid state. For any
particular combination of airspeed, altitude, temperature, humidity, and
position on the alrship, there exists a critical rate of water impinge-
ment which is just sufficient to maintain the surface temperature at 32°
F. The rate of ice formation per unit erea under these conditions is the
critical freezing rate fg..

Under these conditions, the rate of heat loss from the surface by
convection qas,c’ and evaporetion qas,e’ is balanced by the raste of
production of heat by freezing Qgs . fr The rate of heat loss by radia-
tion 1s much smaller than the conveation term and is therefore neglected.
Also neglected is transfer of heat into or out of the underlying surface.
The convection term is:

2 rUg
Lgg,c = B2 - g - Zdep (89)
The evaporation term 9gg.e 18 written to include the entire heat loss

due to the change of enthélpy of the water that evaporastes; the initial
temperature of the rain drops is assumed to be the wet-bulb tempersture:

0.622 (pzo - Dn) U2
= 2 sz __ 0 - - -9
qas,e T cp P hv,SZ hZ,W 2J (810)

The rate of gain of heat due to the change of enthalpy of the water that
freezes is

q =T (h + ES - h (B11)
as,fr er\"l,w = 23 1,32
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Use of the kinetic wet-bulb temperature %y, as a reference tempera- .
ture is desireble because it mekes the results applicable to unsaturated
as well as saturated amblent conditions. The kinetic wet-bulb temperature
1s defined as the equilibrium tempersture of a wet-buldb thermometer in a
moving sirstream when the wet bulb is covered with liquid water. When the
airshlp is flying in clouds, the reading of a dry-bulb thermometer shielded
from direct droplet impingement may be used as byy,;. When in clear air
at temperatures below freezing, the wet-bulb thermometer ylelds the kinetic
iced-bulb temperature t,;, because the bulb is coated with ice instead of
liquid water. The corrections shown in figure 24 mey be used to obtain
bty from T4 and the releative humidity.

929Y

Equations (B1O) and (Bll) may be simplified by using the following
approximation:
2

hy w+ 25 = By kv -

The kinetic tempersture rise af the water drops 1s about half the wet-

bulb kinetic temperature rise, and both are less than 1° F at speeds up

to 80 knots. Thus, the error in the approximation is small compared with

the enthalpy changes in evaporation (eq. (B1lO)) and freezing (eq. (Bll)).

With this simplificatlon, the terms are substituted in the heat-balance

equation qas,c + qas,e = qas,fr’ and the result is solved for for: -

2

_ g _ . T o.ez2 (Pzp - ®o) 3 ] .

= By,kw - Bi,32] [32 fo " Aoy * e F (v, 52 = P10 |
(B12)

The psychrometric equation defining the kinetic wet-bulb tempersature
with respect to liquid water is

2 _
r¥ ( po= )
0 0.622 \Pxw =" Po
= - - h 3
bew = B0 + 53¢ = s (by, kv = By,xw) (B13)

Combining equations (Bl2) and (Bl3) and rearranging the vepor-pressure -
enthalpy products give

E 0.622
Tor = -h 52 = Tyeyy + Pc [kpsz Pkw)(hv 327 Z,kw) *
Z kw 1,32 )

(2 - Piw) (hv,kw‘hv,sz)]%
(B14) -
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Since (po - Pkw) is less than (p32 - pkw) and (h vk ) is less
than 0.5 percent of (hv 32 - B, k) Tor 32>t >20, the product
( pkw)(hv - hv 32) can be neglected in equation (Bl4); hence,

q 0.622 ]
r hz,kw - hi,SZ[ kw™ Pc. cp ( 32 Pkw)( v,32 Z,kw) (B15)

This relstion gives the critical freezing rate in terms of the local heat-

transfer coefficient and the kinetic wet-bulb temperature. Because of the

large size of an alrship, the boundary layer is turbulent at ordinary

flight speeds except for a very small area at the nose. The hegt-transfer
coefficient i1s given by the following equation, which gives good agreement

¥ith exp§rimental data for blunt bodies of revolution in turbulent flow
ref. 1l1):

1/3 _ 0.8

= 0.0296 Pr Re (B16)

Nu = %?

which gives

B = 0.0296 k Pri/3 (p/u)0-8 Q-8 0.2 (BL7)

with 108 = (U /ug)0-8(1.680 V)08 = 1,521 (U,/Ug)® H°8, suvstitution

in equation (Bl5) gives

0.8 O 8, 0.2
/e

=&(U /UO) (B18)

where

_ 0.0450 1prl/3 0.8 0.622
By, kv - hipé:) [‘7’2 " e + oo, (Paz - Pue) (B 32 - hz,kw)]

(B19)

is a function of altitude and kinetic wet-bulb temperasture. Values of &
were calculated for a range of pressure altitudes from 1000 to 5000 feet
and ty,, from 32° to 160 F. The quantity kPrl/3 (p/u)0-8 was evalu-
ated at ty,. Values of Us/Ub were calculated from surface-velocity

deta for an ellipsoidal body from reference 11.

It was found that & could be represented within 0.5 percent over
this range of pressure altitude and temperature (1000 to 5000 ft and 16°
to 32° F) by the following approximation
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= (0.0080 6 + 0.000025 92) (1L - 0.0000143 zp) (B20)

where 6 = 32 - tkw is the depression below freezing of the kinetic wet-
bulb temperature.

Over a limited renge of temperature from 32° F to about 20° F, & is
almost a linear function of @. For convenience and simplicity in the
application of critical-icing-rate calculations, the following linear
approximation was used in the celculations presented in this report:

® = 0.0082 6 (1 - 0.0000143 Zp) (B21)

For altitudes between 1000 and 5000 feet, the error arising from using
equation (B2l) instead of equation (B19) is approximetely 1 percent at

6 =4, 0at 6 =8, -1.3 percent at 6 = 12, and -2.8 percent at 6 = 16.
Combinlng equations (B21) and (B18) gives the final expression for the
critical freezing rate per unit ares:

0.8 .87.0.2
£, = 0.0082 6 (L - 0.0000143 Z,)(U,/Up) vO-8/g
The critical freezing rate per unit distance slong the axis of the
airship is given by

where A 1s the wetted-area factor. In the region next to the nose,
where the envelope 1s wetted all the way around, A = 2; aft of the dynamic
impingement area, where the top half only is wetted, A = 1. The transi-
tion from A =2 to A = 1 occurs over & small range of =z, just forward
of z,.

9¢97,
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APPENDIX C

CALCUIATION OF OFFSHORE HEATING OF COLD AIR

It is required to calculate the time rate af increase o
T
o
tively warm water surface. The bottom of the layer (Z = 0)

27

f temperature

at the base of a cold-air layer of depth Zj;, flowing over a rela-

is taken as

outside the boundary layer at about 8 meters above the sea surface.

"Surface" tempersture and wind speed refer to this height.

It is assumed

that the cold-air layer 1s thoroughly mixed at all times and thus has
constant total water mixing ratio x throughout, & dry adisbatic lapse

rate up to the condensation level Z,,,5q, and a saturated adiabatic lapse

rate fram 2

\

A

cond to Zib‘ If the dry adlabatic line is ext
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Zoonga O Ziyps the temperasture represented by a point on this line st
height Z is the dry adisbatic temperature Tz. The corresponding tem-
perature T, on the saturated adiabatic line is greater than Ty be-
cause of the latent heat released by condensation of liquid water:

v

(c1)
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Since this analysis applies to temperatures near and below freezing, the
total water mixing ratio x¢ = %3 + Xy 1s always less than about 0.005.

Thus, the specific heat and density of the mixture of air, vepor, and
liquid water may be taken as approximately equal to those of air at the
samz pressure and temperature.

When heat and water vapor are introduced and mixed throughout the
layer, the time rate of increase in enthalpy per unit horizontal area is

Z 2 2,
cond arg ib ar,) ib dx,)
9 = cpp \g7) %+ cpp\ g7 & + o P \g7 ) 4

0 Zeond
(c2)
From equation (Cl)(for the interval Z,ong 0 Zip)
aTy de Qv dxz
dtr ~ dt cp ar
and since xt = X3 + Xy
Z Z
ib [ “ib
= EEQ az EEE az (c3)
% = “pP \3r * WP\

0 0

Since the dry adisbatic lapse rate 1s constant, de/dT 1s independent
of Z and equal to 4T /dT as long as x; = O at Z = 0. Also, the
total mixing ratio x4 is assumed independent of Z; therefore,

ar ax,
=2 -2 —5
% ibﬁQp &= +de,r) (c)
The rate of enthalpy loss from the sea surface per unit ares is the sum

of a convection term,
9ss,c = Ho(Tgs = To) (c5)

an eveporation term,
ss e (H /c ) Qv(xv sat xt) (ce)
and a radiation temrm,

*4 ¥4
9gs,r = o(Tgg - Toond) = Er(Tss - Toona) (c7)

9c9¥
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Equation (C7) is based on the assumption that the sea surface and the
cloud base radiate essentlally as black bodies at temperastures neaxr
275° K.

The heat-balance equation is

9 = %a,c T 958, T %, r
Thus, )
— 4T dxy He
ZipPCp e t241,PR E-_r—=Hc(Tss -T,) + o Q'v(yv,sat - %) +E (Tgg - Tegng)

(c8)

The rate of increase of water content in the cold-air layer equals the
rate of evaporation from the surface; therefore,

H
—_ C
P ar = o (X, cat = %) (co)

Subtracting equation (C9) from equation {C8), dividing by P, , and in-
troducing the wind speed V = dy/at give

5 dT H H
L ~o_ Zec _ &y , “r - 9y
21y, g ar N (Tes- To) ar T NG (Tss - Teong) aT (c10)

Introducing the Stanton number St = H/lB.BSchV (one knot = 18.53
hectameters/hr) and solving for aT,/dy give

dT, p, 18.53
Fraile=l [8te(Tes - To) + Stp(Tgg - Tcondzl (c11)

Use of this equation for numerical calculations requires values of the
Stanton numbers for convection and radiation. The Stanton number for
convection heat transfer was obtained from anslyses of the turbulent
transfer of water vapor at the sea surface (refs. 12 and 13). The prin-
ciple of the similarity of heat and mass transfer in turbulent flow sl-
lows the calculation of the Stanton number from the evaporation coeffi-
cients. For a rough surface (V > 13 knots), the theoretical value of
the Stanton nmumber is 0.0031 based on & roughness length of 0.6 centi-
meter and a height of 8 meters for the measurement of surface temperature
and wind. For s smooth surface, the theoretical value vaeries slightly
with the wind speed but is close to an average of 0.0010 for winds from
4 to 13 knots. A study of average evaporation over world ocean areas
(ref. 12) ylelds an empirical average evaporation coefficient corresponding
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to & Stanton number of 0.0020, about midway between the theoretical val-
ues for rough and smooth surfaces. Evaporation coefficients calculated
from vapor-pressure-gradient date given in reference 13 correspond to
St, values from 0.0004 to 0.0019 at winds less than 12 knots and St
values from 0.0023 to 0.0034 at winds over 16 knots. The values of St,
used herein are the theoreticel values. For V < 13 knots,

St, = 0.0010
For V > 13 knots,
Ste = 0.0031

The Stanton number for radiation was calculated from equation (C7)

using an average value of T% . of asbout 271° K and T% = 279° K.
When V is in knots,

Sty = 0.0072/V

In order to apply equation (Cll) to calculate the probable effect
of a trajectory over water on a glven freezing-rain air-mass structure,
it is necessary to know the temperature as & functlion of height for the
Initial conditions when the alr crosses the coast. The summary of tem-
perature and freezing-level data in freezing rain referred to previously
in the discussion of figure 9 includes & listing of the surface tempera-
ture T in ©C and the height above the ground of the first freezing
level E in hectometers. These two quantities were used to define an

idesal temperature-height curve asg follows. A lapse rate of 0.72° ¢ pexr
hectometer was assumed from the surface to a height of 1/2 Zpr. A

linear increase in tempersture was assumed from thig point to the freez-~
ing level at Zpne Comparison with actual soundings shown in figure 25
ghows that the assumptions are realistic. This relation is expressed in
the following equation, in which Zp,. and Z2Z;y, are in hectometers and
TO and TO cl in C'

T - T
Foon = Zpp o "o,cl (c12)
ib 2 +0.72 Ly - To,cl

The surface relative humidity in cold polar air at sea is generally from
70 to 80 percent (ref. 14), corresponding to & condensation level of
about 400 meters. Thus, a constant value of 4° C was assumed for

Ty - Toong. A constant value of 6° C was chosen for Tgg, as represent-

ing January conditions offshore at the latitude of Boston (ref. 15).

The value of Zj}p from equation (C12) end the values Ty, = 6 and

T = T, - 4 were substituted in equation (Cl11l), and the regult vas

cond
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integrated with respect to T,, in order to determine the distance off-
shore y (nsutical miles) at which T, attains a particular value To,y

VA — g - bT
_ e p &) 1 27 Plo,el
Y = 37.06 b pg [(c + b) M(a - bTo,y) - (To,y - To,cz)] (c13)

where

a = (0.72 Zgp - To o7)(6 Ste + 10 Sty)

b = (0.72 Zgy - To,cz) (St + Stp)

c = 0172 zfr." ZTO’CZ

In figure 28 is shown the calculated distance offshore y at which the
surface-ailr temperature reaches 2° C for winds of 5, 10, and 20 knots.
The distance y 1s given as & function of the initial surface-air tem-
perature at the coast To,cZ and the height of the freezing level Zg.
assuming the sea-surface temperature is 6° C. The numbers between the
curves in figure 26 are numbers of observations of temperature and freez-
ing level (measured over land) in the intervals indicated. The variation
of offshore heating with wind speed is a result of the variation of 5t,
and Stp. The convection heat transfer per mile increases by a factor of

gbout 3 at the critical wind speed (about 13 knots)} when the surface
changes from smooth to rough. The heat loss from the sea per hour by
radiation is independent of wind; therefore, the radistion transfer per
mile varies lnversely with the wind speed. Thus, the total heating per
mile approaches a maximum at very low wind speeds with radiation pre-
dominant. At winds just below 13 knots the heating per mile is a mini-
mum with convection accounting for about two-thirds of the total. At
winds over 13 knots, convection heating per mile is constant at a rela-
tively bhigh value, while the radiation effect slowly approaches zero with
increasing wind.

In the gbsence of actuasl date on wind frequencies, it was assumed
that the medlan wind speed is about 13 knots, with half the cases rep-
resented by the results calculated for 20 knots and the other half
equally divided between 5 and 10 knots. Thus, the frequencies in figure
26 were weighted in the ratio 1l:1:2 for winds of 5, 10, and 20 knots and
combined in figure 13 to show the percentage of cases of freezing rain
that would be eliminated by heating to 2° C as a function of length of
trajectory over water at 6° C.
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APPENDIX D

DERIVATION OF RATNFALL FREQUENCY DISTRIBUTION
APPLICABLE TO FREEZING RAIN

The frequency distribubtlion of rainfall rate in freezing rain is

difficult to establish because statlstics on rainfall rate as ordinsrily
resented do not include simultaneous date on temperature and state

%solid or liquid) of the water particles. From theoretical considera-
tions it is known that, for a given amount of lifting, the intensity of
precipitation depends on the moilsture content, and thus also on the tem-
perature of the sir that is being lifted. Rainfall rates therefore 1n-
crease on the average with increasing temperature of the air mass in
which the rain ls formed. In the case of freezing rain, the temperature
of the base of the warm air mass in which the rain is formed, is usually
Just a few degrees above freezing regardless of the cold-ailr-mass tem-
perature. Thus, a reasonable estimate of the rainfall intensity distri-
butlon in freezing rain may be obtained from. the distribution of ordinary
rain intensity in the temperature range from about 32° to 45° F, and this
rainfall distribution may be assumed to be independent of the temperature
in the cold-air layer.

The climatologlcal data published by the U.S. Weather Bureau (refs.
16 and 17) contain hourly precipitation totals and daily meximum and
minimum temperatures. The deslired rain intensity distribution was ob-

tained by selecting days on which precipitation was general in New Englend

and tebulating the hourly precipitation amounts recorded at statlions hav-
ing minimum temperatures of 32° F or higher and maximum temperatures of
45° F or lower. The resulting rainfall frequency distribution is shown
in figure 1l.
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TABLE I. - DATA FROM ZPG-2 ATRSHIP ICING FLIGHTS
Flight icins']‘hi:e of flight] Time of Dure-| Averege | Total [Average | Drop- |Outside Fres- Aﬁ?agﬁl Estimata ype Geographis location Reaarks
en- loing tion |rate of | loe |[liguid- let aly |swre | ttue |lce load,] of lce durding iolng
goun- of |ice ac- | acou-| water diam- |tsoper-{altl-| sir- 1b
tepr ieing,| oretion,| mula-|content,| etar, | ature,|tuds, {speed,
win in. tion, ou m |wlorons| op e e
in,
1 - Jan. £5, 1956!1:18 o 40 | 0.87 0.45| 0.33 - -6.0 | 4400 47 m—== | OQlaze snd] Vicinlty of Fantuoket | Osclllating antennas
1:88 p. m. rise Island
4 - Nov., &, 1955 [3:08 to 20 | 1.10 9.57| 0.54 — -6.0 {5600 47 —==~ |Rime _V_!.cinil.',y of Concord,
3:26 p. m. N. H.
3 - Dec. 4, 1885 |9:50 to 89 | 0.94 1.08| 0.45 - -1.5 | 5000 48 4000 |Glaze 8outh Weywouth Bevera osr vibration
10169 a. w. free:
£zle)
4 -~ | swn. 3, 1988 [10100 o 250 [-emev |- — - o 2000 | 45 - %mm South Weywouth
10130 0. m. rreg:i.ns
E a Jan. 15, 1858|%:148 to 42 | 0.3 0.22| 0.20 — =1.5 | 2400 55 === |Glaza Bouth Weysouth 81ight omr vlbration
10144 6. m. (freszing|
drizgle)
b 12:37 to 41 .59 40 .35 - -2.0 (2400 58 ---- |Glasze Jepe Cod erem Bxossalve ocar vibraticn
1:46 p. m,
a B 2:40 to 43 -y 218 15 - -1,3 |2000 42 -=-~ |Glaze South Weymouth cmm-ol--ﬁra-"mmre'
5:52 p. m. after flight
] - Pab. 10, 1956| ~—r-rame - &8 | 0.88 0.78| 0.34 - -1.5 |5000 4 ==== |Rime ﬁm!.-ayut- dirri-
vy
ki - Dec. 27, 18B€317:350 to e2 | 0.91 0.34]1 0,42 '] -2.5 |3500 50 ———  |Rime Batween South Wepmouth
7t52 a, m. and Cape Cod
8 a | Jan. 15, 1857|5:50 to *180 [%0.17 |%0.50| - -- -10.0 2880 4.1]
2:30 a. m.
) 2150 to 040 | .15 | —— - -8.5 |2000 | 41
5:10 p. w.
2000 |Rime 10-Dey barrlar station| Prolonged rime loing
6 £:40 Lo Ban 1 15 208 0.08 L. -8.0 lzoc0 1 38 snoauntars
5:10 p. m.
a 11:20 to %0 | .78 to| ®.e0| —- - 2.5 |2000 | 42
12:00 p. m. 1.00
9 - Jan. 15, 1987|6:10 to 23 | o.29 0.11| 0.16 18 ~1.0 {3000 34 500  |Rime Batween Scuth Weymouth|8new load on taksoff
6:35 p. m. and barrier station
'hu.-ud valus.
\ L}
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(a) Clear ice formed during flight mumber 3 in freezing drizzle.

Figure 3. - In-flight photographs of exposed yawmeter showing ice accretions

formed under freezing-drizzle and rime-ice conditions.
Navy.)

(Obtained from U.S.
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(b) Rime-ice formed during flight number 8.

Figure 3. - Concluded. In-flight photographs of exposed yawmeter showing ice
accretions formed under freezing-drizzle and rime-ice conditions. (Obtained

from U.S. Navy.)
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Figure 4. -~ Measured ice accumulation and associated effects occurring during test flight number 5.
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{a) Bnow distributed along top of emvelope following 2-hour flight in light to moderate smow at -2° o -8° C.

Figure 5. - Location of smow catch observed on airship emvelope. (Obtained from U.S. Navy.)
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(b) Bnow in aft area between top fins following two 40-hour flights.

Figure 5. - Concluded. Location of smow catch observed on airship emvelops. (Obtained from U.S. Navy.)
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Figure 8. - Average January eea-
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Figure 9. - Percentage of observations in northeastern United States in which
freezing rain was reported. Averages for December » Januery, and February
baesed on two daily observations for periods of 7 to 14 years. Limits of 90
percent confidence band shown in parentheses. :
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Figure 19. - Dynamic impingement at nose per axlel foot per inch of rain.

022¥ KL VOVN



Relndrop dlemeter, mm

=

\

04

.08 1z .16 .20 .24 .28 .32 .36
Rainfall rate, in./hr

Flgure 20. - Aversge raindrop dismeter as function of rainfall rate (ref. 10j.

. v ! . 989% -

8s

0227 ML VOVN



4636

_ CP-8 back

59

NACA TN 4220
48x10° T
Alrspeed, /
knots
44
60
40 / /
/
36 / 40/
7 // p.
32 20 /

Total rain impingement, 1b/hr

NONON N
AN

) // // . //
/1
N NA N,
8 874%
16 //
NN/
, N
%4
. N
//
|/

Rsinfall rate, in./hr

Figure 21. - Total raip impingement.

.32



&0

NACA TN 4220

T
30

P
|59~

Alrepeed,
knots
rd
// // i

,/' L~
v

/

P

\

600,

100

3 g 2 g

(32) (a)/aT nHN\.mz_m ‘ag0u 9w JueweSutdmy VTweuAg

.16 .20 .24 .28 .32

Rainfall rate, in./hr

.12

Figure 22. - Local dynsmic impingement st nosge.

9¢9¥



4636

NACA TN 4220

red along axis, It

to lmpingement limit measu

Distance

61

) _bHH M mﬂu_WSOGM \\\\\
. 60 \\\\\\\\
1 1]
52 \X \v\
. \ﬁ\ \\ g 0 | —
) A LA AT A
A A LT 2
) AV A0 L1 B
LA o o
A L AA A
A ARPa
N VAN
AP
AW
177
Y/
11/
i
I

Rainfall rate, in./hr
Figure 23. - Limit of dynamic impingement as functlion of rainfall rate.
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Flgure 24. - Corrections to be subtracted from ilced-bulb tem-

perature to obtain wet-bulb tempersture with respect to
liquid water when wet-bulb thermometer is ice coated. Cus-
tomary procedures for reducling eircreft psychrometric ob-
servations yleld relative humidity with respect to liquid
water when wet bulb is ice coated.

9¢9%

4



Pressure altitude, £

- 4636

K T T
™ Tamperature __|
\\ — Actual \
12 LN — = — — Asmmed in _| S,
\ caleulations N
™, N
N N

0 N N

] N

\ N

\ N
. \ N
\ N\
\
e N
> Cl

4 = \

r’//” \

f, \
2 './.:/ )
< L=
‘g o
8" )
.\\//’
92 20 28 36 44 52 a2 20 25 36 v
Temperature, °F
(a) Wesbington, D.C.; Jan. 9, 1956, 4:00 p.;m., e.s.t. (b) Albany, N.Y.; Jan. 9, 1856; 4:00 a.m., e.s.t.

Flgure 25. - Exsaples of radiceonde obeervations during freesing rain.
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Figure 26. -~ Distance of flow over water at 69 C to attain surface-alr temperature of
2° C as function of initial surface-air temperature and height of first freez;ng level.
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Figure 26. - Continuved. Distence of flow over water at 8° C to attain surface-sir

temperature of 2° C as function of initisl surface-air temperature and height of
first freezing level. i



66

Distance offshore to attain surface-alr temperature of 2 ¢ , nautical miles
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Figure 26. - Concluded. Distance of flow dver water at 6° C to attain surf?ci%adéxé
temperature of 20 ¢ ag function of initial surface-alr temperature and helg

first freezing level.
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